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Dynamic processes during displacement cascades in oxide glasses: A molecular-dynamics study
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Management of long-lived radioactive nuclear waste implies understanding its structural behavior when
subjected to irradiation. This paper presents molecular-dynamics simulations about the effect of a recoil
nucleus on a simplified nuclear glass containing SiB,0;, N&O, Al,O; ZrO, and a few heavy ions of
uranium. A statistic on displacement cascades at energies ranging from 300 eV to 7 keV in glass compositions
with and without alkali metals revealed the influence of the latter on the thoroughness of structural restoration.
More generally, following a depolymerization peak, the glass structure is reconstructed by local readjustments,
facilitated by the presence of alkali metal atoms. If the cascade energy is sufficiently high, the initial structure
is completely restored. The large majority of the atom displacements occur during the first instants of the
cascade, during the thermal peak; displacements during the initial structure restoration phase account for only
a small fraction of the total. Several types of displacements were identified, ranging from jumps by individual
atoms to collective displacements of an atom and its neighbors. Individual displacements and
Obridging Ononbriggingtransitions were the most numerous during the first instants of the cascade, but were quickly
superseded by collective displacements and local break-and-rebranch processes. The structure volume was
observed to remain stable or increase after irradiation, but never to diminish. Coincidental evidence was noted
between the coordination numbers, the ring size distributions, the Vovohanes, and the cell expansion, to
provide some lightening about the swelling origin observed experimentally. Finally, we observe the ease with
which the nuclear glasses withstand displacement cascades, and this is an important result in regard to the long
term storage of the oxide matrices.

INTRODUCTION dissipation time in tens of picoseconds. Both of these orders
of magnitude are compatible with the current state of classic
The containment of long-lived radioactive wastac- molecular dynamics. The relatively simple physical prin-
tinides and fission produdtin oxide glass matrices raises a ciples behind classic molecular dynamics require the recoil
number of issues related to the types of radiatiefy) and  nucleus to be considered as purely ballistic, with no allow-
the complexity of the matrix, which includes some thirty ance for the electron excitation effedtshich would require
components(see Ref. 1 for a detailed description of the additional calculation of the electronic structure of the simu-
French nuclear glass called R7T7 glas¥edicting the long-  |ated material Energy losses by electron excitation are esti-
term evolution of the matrix implies understanding its struc-mated at around 15% of the total energy.
tural behavior when subjected to irradiation. Unfortunately, the actual energy of the recoil nuclei range
This article focuses on the behavior of two different oxidefrom 70 to 100 keV, and are thus beyond the capacity of
glass compositions—with and without alkali metals— existing computer resources. The higher damage energies are
subjected to the passage of a recoil nucleus of the type emigtoubly penalizing: not only must the size of the simulation
ted by « decay reactions. One simplification step assumesgelis be increased to match the increased volume of the dam-
that the effects of the recoil nucleus and of thparticle are  age zone, but also the duration of the simulation must be
dissociated. We are only interested here in the first phenomextended to cover the greater time necessary for completion
enon, which produces the most atom displacem&M®-  of the dynamic processes initiated by a higher energy
lecular dynamics is an effective method for analyzing suctucleus. The maximum energy cascade presented here there-
events, as shown by numerous published studies mainly iffore does not exceed 7 keV.
volving metals, but also semiconductors and oxitiésThe Complex glass compositions must also be simplified for
importance of properties such as the melting temperature g§roper simulation at both a qualitative levihe behavior of
the crystallographic structure has been repoftethwever, each componepfand a quantitative levetecoil nucleus ef-
the disordered macrostructure of glass, the combination dects. Broadly speaking, the glass matrix constituents can be
species with differing mobility, and the peculiar effects of classified in four categories “hard” network formers, in-
oxygen anion “binding” between cations are distinctive fea- cluding silicon atoms for which the local environment is con-
tures of oxide glasses that have received little attention tstant from one site to anothéa tetrahedron formed by four
date. oxygen atomp “soft” formers such as boron, which oscil-
Molecular dynamicsis ideal for this purpose. The size of late between two perfectly defined types of local environ-
the displacement cascades produced by heavy nuclei is meaent (oxygen triangle or tetrahedrgnintermediate species
sured in tens of nanometers, and the recoil nucleus enerd¥r, Pu, F¢ whose local environments are subject to greater
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TABLE I. Simulated weight percentage compositions, with  TABLE Il. Adjustable parameter valued;; (eV) for Born-
number of atomd for each composition ppm of UCtorresponds  Mayer-Huggins potentialpi_j=0.29A (exceptp,.,=0.35A).
to 2 uranium atoms among 82944 atoms.

Species Si (0] B Na Zr Al

Si B,O: NaO ALO. 2zr0, UO N
©: . % Z 2 2 Si 834.4 15712 337.7 862.0 2557.4 9613

70.0 30.0 0.0 0.0 0.0 0.0 5184 (@] 352.68 760.9 1396.4 4805.2 1734.0
59.1 18.3 12.8 6.3 3.5 0.0 5184 B 121.1 3745 1031.8 396.4
58.4 18.1 12.7 6.2 3.5 11 5184 Na 842.1 26379 976.3
56.1 17.1 12.3 6.1 3.5 0.0 41972 Zr 7822.7 2940.7
56.1 17.1 12.3 6.1 3.5 ppm 82944 Al 1100.5

deformations as reflected by the greater distributions of firstbody terms was developed by Stillinger and Welfdit the
neighbor distances and local coordination numbers; and fiSiO, parameter values were determined by Feuston and
nally network modifiers such as the alkali metals and theGarofalinil*

alkaline-earth elements, the least ordered elements with what

appears to be a continuous, uncountable range of local envi- . ij Ziz,

ronments. Oxygen atoms, the only anions in R7T7-type Palriy) = Ay exr{—p—”) T @
nuclear oxide glasses, ensure cohesion between the various

categories of cations. This arbitrary classification reflects the Yi Yi

large variety of glass constituent elements, which probably ®3(rij Fik, Oji) = N exp( P— -+ P )
covers the entire range of possible local order levels rather e el ik T

than these four schematic categories. X(cosﬁjik—coseo)z, 2

In the simulated glass compositions, we have included : .
species from each of these categories in proportions corrd/herez andz; correspond to the charges of the interacting
sponding to the actual composition of the complex R7T720MSi andj; rij(ri) is the distance between atomandj (i
glass. This procedure was adopted to assess the specific f2dK); Aij andp; are two adjustable parameters of the pair
fluence of the elements, according to their level of local or-€'Ms; the atom at the center of thi triplet in the three-
der, on the displacement cascade sequence, on the dynanRedy terms is subscriptedand the outer atomjsandk; 6
processes characterizing the cascade, and on the resultiffythe angle formed by the triplet; and y; are adjustable
structural modifications. Cascades with energies above Rarameters depending on the chemical nature of atdrhe
keV were simulated in 5-oxide glasses with larger cellsParameter values are mdlca_ted in Table Il and Table Il. _
(41472 and 82944 atonaising a parallel processor com- These parameters are either based on earlier work with

puter (T3E): the scope of the statistical coverage was lim-Simpler oxides, or were readjusted for complex glasses to
ited by the high cost of this approach. account for their structure and various macroscopic

properties->1® Short-range interactiongess than 0.9 Aoc-
curring during the cascades were modeled by the Ziegler-
METHODOLOGY Biersack-Littmark potential and related to the Born-Mayer-

Glasses of various sizes and compositi6fable ) were ~ Huggins terms (above 1 A by fifth-order polynomial
prepared by combining the algorithms in NV{onstant €XPressions. _ . . .
number of atoms, volume, and energnd NPH (constant The first mplecular dynamics calculations in oxides
number of atoms, pressure, and enthalpystems. The ini- Showed that pair terms alone could not correctly account for
tial volume was determined by a phenomenological modefhe local order around the formers, hence the idea of using
validated over a wide range of glass composititnan ini-  higher-order corrective termt8:"*'¢~*Using formal charges
tial liquid phase was prepared for ten thousand @ time ~ t0 represent Coulomb interactions may seem to be an aggres-
steps by stabilizing the initially random configuration be- Sive hypothesis, but while with simple oxides the potential
tween 5000 and 6000 K. As soon as the temperature exormulas and charge'values can be polished to optaln a very
ceeded 6000 K, the atom velocities were reequilibrated a®ccurate representation of the structure and physical proper-
5000 K. The second step involved rapid quenching at a ratées of the material, with a mixture of oxides the use of
of 10'°K s~ until 2000 K and subsequently>d104K s~2 partial charge_s becomes pro_blematlc: the d|fferent_ cation
below 2000 K to obtain a vitreous structure at room temperaglectrqnegatlvny yalues result in charge transfers of different
ture. A constant-pressure algoritf{NPH thermodynamic ~ intensity depending on the chemical nature of the bonds.
system was then applied to determine the exact equilibrium
volume in five thousand 10°s time steps. The final 10000-
step relaxation was applied in the NVE system by setting thdo
system volume to the previously calculated equilibrium

TABLE Ill. Adjustable parameter values; (eV), y; (A), and
for three-body terms.

value Parameter 0-Si-0, O-AI-O Si-O-Si 0O-B-O
Classic oxide glass interaction potentials were used. \;(eV) 149.8 6.2 11985.0

These Born-Mayer-Huggins potentials represent ionic and 4, (A) 2.6 2.0 2.27

covalent interactions by the sum of two termsb, pairs 6o 109.47° 160.0° 109.47°

and ®; three-body terms. The analytical form of the three-
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FIG. 1. (Colon Morphology (displaced atom positionof six cascades in a 5184-atom alkali gladsge composition in Table).l
Si(yellow), O(red), B(green, Na(blue), Zr(brown), and Algray).

Imposing one of the charges on a type of ions mechanicallgorrections necessary to take into account the varying degree
imposes the other ion charge values because of the overalf covalence of certain chemical bonds are modeled using
electroneutrality requirement. With highly covalent formersthree-body terms.

and highly ionic modifiers, no satisfactory tradeoff is pos- In the glass analyses with 82944 atoms, a fefi ibns
sible. We therefore chose to use formal ionic charges; thevere added to simulate cascades initiated by heavy particles.
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FIG. 2. (Color) Morphology (displaced atom position®f five cascades in a 5184-atom alkali-free glésse composition in Table.l
These cascades are initiated by O atomé/efiow), O(red), and Bgreen.
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U-O interactions were modeled by the potential developed
by Lindanet al?! while U-cation interactions were assumed
to be purely Coulombian.

A displacement cascade of energyand directione was
initiated by adding an atom with a kinetic energyand a
kinetic moment in directiore to reproduce the effect of an
elastic collision between the atom and a particle of undeter-
mined nature. This technique has been described in detail by
Doan and Ross?

Because of the high initial atom velocities, the time step
was reduced to I0t's at the beginning of the cascade to
prevent the maximum displacement of any atom from ex-
ceeding 0.01 A per time stean empirical tradeoff between
the energy conservation requirement and a reasonable calcu-
lation time). As the kinetic moment of the projectile was then
distributed over the atoms in the glass matrix, the maximum
atom velocity diminished and the time step was increased
accordingly: 5<10 ’s, then 10'%s and finally 10'°s.

The time steps were modified by means of a third-order mo-
tion equation in which the new atom positions were calcu- .
lated from the previous positions and atom velocities: T

2
X(t)=X(t— 8t) + StxX V(t— o)+ jt—mF(t— st). (3

The simulation cell was gradually cooled to room tem-
perature by controlling the outer layer. The atom velocities
in the outermost 3.5 A were periodically reequilibrated to
room temperature using the classic equation: kB/2
=1/2mv?. As soon as the thermal wave reached the outer
limits of the cell, it was thus dissipated as if the glass were in
thermal contact with a room-temperature bath.

Cascades at energies between 300 eV and 2.0 keV were )
initiated by accelerating an oxygen or an uranium atom; only L
uranium atoms were used for energies above 3 keV. The st
displacement cascades were simulated in the NVE system. s
Although the damage zones were submitted to intense inter- ’
mediate pressure peaks, the pressure was not at equilibrium
and varied significantly from one point to another in the FIG. 3. (Color) Morphology (displaced atom position®f four
simulation cell. It was therefore impossible to use a constantcascades in a 82944-atom alkali glésse composition in Table.
pressure algorithm based on continuous reequilibration bethese cascades are initiated by U atomsyedow), O(red),
tween the assumed equilibrated internal pressure and an irg{green, Nablue), Zr(brown), and Algray).
posed external pressure.

The effects of a projectile on the glass were quantified at EXpansion was measured after the cascade either by re-
atomic scale according to the number of displacements, thedlculating the final equilibrium volume of the simulation
polymerization level of the glass structure, and globallycell or by measuring the internal pressure change according
based on expansion of the simulation cell. An atom was emt0 Viriel's theorem after the passage of the projectile, and
pirically defined as “displaced” if its path during the cas- estimating the expansion from the compressibility modulus.
cade exceeded 1 Ai.e., exceeded an energy barfiefhe

depolymerization leveN,,, was defined as follows: RESULTS
Displacement cascade morphology
Npo'y(t):#Sizo’BN Ne(1.0) = Ne(i.0), “) Figures 1 and 2 show several damage zone morphologies

at various energies in 5184-atom cells with and without al-
whereN((i,t) and N.(i,0) represent the atom coordination kali metal atoms. In this paper, the term morphology refers
numbers at time and at the cascade initiation time 0. In to the positions of the displaced atoms. Typical morpholo-
other words, the instantaneous numbers were compared witfies of cascades with energies exceeding 3 keV in 5-oxide
the initial chemical bonds, and the difference between thenglasses with 82944 atoms are plotted in Fig. 3. Each image
corresponded to the number of bonds broken by the projecshows only the atoms displaced by morertiaA between
tile. Only network formers and oxygen atoms were takenthe initial and final instants of the cascade. Displaced close-
into account in calculating the depolymerization level. neighbor atoms are shown linked together.
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Cascades initiated bi# ) U atoms and A) O atoms.
multitude of alkali metal atoms, although this does not imply

Some of the damage zones can be seen to include highgzat the displaced alkali metals are absent from the center of
disturbed regions containing numerous atom displacement8)e disturbed regions. Medium-range sodium atom displace-
and other only lightly disturbed regions. No glass composi/nents are also routinely observed outside the disturbed re-
tion effect can be clearly established from these figures. Cor@ions. When the projectile is an uranium, the morphologies
versely, as the energy increases the distinction between tfge more dense along the pathl.
damage regions tends to disappear in both compositions We plotted the number of displacements versus the cas-
(with and without alkali metal The three images at the top cade energy, using different symbols to identify the projec-
of Fig. 2 correspond to cascades of 400, 600, and 800 eV ifles and simulation cell dimensioriSig. 4). The slope of the
an alkali-free glass initiated by the same oxygen projectile irfrénd line followed by the low-energy data points is signifi-
the same direction; the second and fourth images of Fig. gantly lower than for the high-energy points. The inset in
represent cascades of 4 and 7 keV, again initiated by accel©ig. 4 shows that in the 5184-atom cells, an accelerated U
erating the same uranium projectile in the same direction2tom provokes a number of atom displacements larger by a
The mechanism of this disappearance involves the growth dactor about 3. This phenomenon does not occur at higher
each of the subregions, which tend to overlap. energies in the larger cells: the cascades at 1 keV and 2

The damage zones are situated for the most part along tH&V (initiated by O atompare on the same line as the points
projectile path. Subcascades initiated by a secondary atofPrresponding to cascades initiated by U atoms. The method
ejected by a collision with the projectile begin to appear On|yused to cool the S|mulat|on cell during the casc_ades affects
in cascades exceeding 3 keV, and are often interrupted by t{Be number of atom displacemeritefer to the discussion
temperature control at the simulation cell boundaries. Neverbeélow. _ o
theless, these subcascades represent a small fraction of theWWe estimated the atom displacement density in the dam-
total morphology, and there is no effect on the structuraPge zones for the high-energy cascades as follows. The
relaxation as we will see below. 82944-atom cell was subdivided into 13718 unit cells within

Another phenomenon related to increasing energy in th&hich the number of displaced atoms was measured. The
alkali-free glass is visible in the number of displaced poly-mean number of displacements per cell was then calculated
merized chains. The latter are found in greater numbers 4@r the most occupied unit cells, containing 80% of all the
lower energiessee the cascades at 400 and 500,édut  displacements. This approach eliminated the marginal cells
become less frequent at higher energi@80 and 800 ey yvith _few displacements or situated far from the center of the
The atoms displaced in the last two examples appear moigadiated zone.
isolated than for the low-energy cascades.

In glass compositions containing alkali metals, it is inter- x 50
esting to note that each damage zone is surrounded by ag 40 8000V
s
TABLE IV. Elementary cell occupation. The number of cells S 3¢
containing 80% of the displacements is indicated in column 2, and _E_ 5000V
the mean cell occupation in column 3. g 20 1
ber of cell g
Energy Number of cells Mean occupation a /"\\A A 4000V
3 0 4l I~ 4 VMVAI —
3 keV 456 25 o !L 2 4 A 8 10 12
4 keV 855 2.51 Time (ps)
6 keV 1148 3.09
7 keV 1169 3.39 FIG. 6. Three typical depolymerization versus time curves for a

5184-atom alkali-free glass.
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FIG. 7. Three typical depolymerization versus time curves for a
5184-atom alkali glass. FIG. 9. Maximum depolymerization peak versus energy.

Table 1V indicates the number of unit cells considered formerization index rises quickly during the initial instants,
the four cascades with the highest energies, and the meahen, with a longer characteristic time, the structure gradu-
occupation of each cell. The number of unit cells increasedlly returns toward the initial polymerization level. In prac-
with the cascade energy, reflecting the energy-dependent ifically no case does the system finish in a state of greater
crease in the spatial coverage of the cascades; the highgslymerization than at the outset: either some degree of
mean occupation is attributable to the higher displacemendepolymerization remains, or the system reverts to its initial
density. polymerization state.

Figure 5 shows the projectile path length versus energy In the alkali-free glass, the repolymerization phase is less
for glass compositions with and without alkali metals. Thepronounced, and sometimes absent.
lengths are equal to the norm of the vector between the initial The height of the initial depolymerization peaks is plotted
and final projectile positions, with no allowance for possibleversus the projectile energy in Fig. 9, which shows a linear
path curvaturéthe visual curvature was small in every case increase with energy throughout the range from 0 to 7 keV.
There is a linearity between the path distance and the energyere again, the low-energy limitation on the number of dis-
but with a slope depending on the nature of the projectileplacements is not applicable.

The lighter O atoms have longer path distance than the Figure 10 plots the final depolymerizati¢oalculated by
heavier U atoms. Conversely, the continuity between the calaveraging the final part of the cusveersus the ratio between
culated data points in the 5184-atom cell and those in théhe cascade energy and the number of atoms in the cell.
larger cells shows that the phenomenon responsible for thifferent symbols are used to indicate the presence or ab-
change in slope of the number of displacements has no effegence of alkali metals, and clearly reveal the different behav-
on the path distance. ior of the two types of glass. The final depolymerization

At low energies, the overlap of the data point arrays forincreases with the deposited energy for the alkali-free glass,
compositions with and without alkali meta{sot separated and diminishes for the alkali glasses; this phenomenon re-
on the figurg indicates that there is no obvious compositionflects the ease of restoring the structure when the glass con-

effect on the initial projectile path length. tains alkali metals. The points corresponding to cascades in a
82944-atom cell are also plotted for information, but there is
Depolymerization in time no possible quantitative comparison between simulation cells

h - 48 sh h ical luti with different dimensions.
. T € leJr\éesdln Fllgs. 6'.7' an |8 S IOV(;’ tf_e t()j/pbwa evfo ution The structural depolymerization corresponds to changes
in time of the depolymerization levels defined by &4). for in the coordination numbers of each species. Figure 11

various cascades. The same behavior can be observed in eas(m)ws the number of coordination transitions versus time for
case for the glasses containing an alkali metal: the depoly-

80
1000
X L 2 4
T 800 60 - .
c
S 600 ]
3 keV _ 4 O
= 400 e
s € 20 L sl |
S 200 > e o
3 S o 4 A
% 0 2 0 T = ‘ T 1
a
200 5 10 15 20 ? 0.05 ¢ 01 0.15 0.2
Time (ps) Energy (eV/atom)

FIG. 8. Two typical depolymerization versus time curves foran  FIG. 10. Final depolymerization versus ratio of energy to atom
82944-atom alkali glass. Note that oscillation frequencies are difnumber in the simulation cell. Calculations for an alkali-free glass
ferent because the depolymerization level is calculated with d[J), U accelerated in a 82944-atom cé# ), U accelerated in a
shorter period for the 3 keV cascade. 5184-atom cellA), and O accelerated in a 5184-atom dd@).
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FIG. 11. Number ofA,, transitions versus energy for four cascades in an alkali glass. See text for the definitign. of

the network formers Si, B, and Al during cascades at enerversible: the boron and aluminum atoms that sustain a local
gies exceeding 3 keVA(,, corresponds to the number of structure transition conserve their new state until the end of
transitions of cation A from the I-coordinate to the the cascade. Moreover, the time necessary to restore the ini-
m-coordinate staje The SiQ tetrahedrons are restored very tial group type densities corresponds to a longer-term relax-
rapidly. Boron and aluminum, on the other hand, may belongtion of the glass structure, unlike the very rapid restoration
to two different types of groups. The continuous rise to satuef the SiQ, tetrahedrons.

ration of the curves representing transitions around boron The evolution in time of the number of transitions from
and aluminum atoms shows that these transitions are irrdwo-coordinate to one-coordinate oxygen and vice versa is

140 - 4keV

Transition number
Transition number
[-2d
=1

TkeV

Transition number
Transition number
-
[~
o

T T T = 0 T T

4 6 8 10 0 5 10
Time (ps) Time (ps)

FIG. 12. Number of @ (Ongnbriaging= Obridging @Nd Q1 (Oprigging— Ononbriaging transitions versus energy for four cascades in an alkali
glass.
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FIG. 13. Depolymerization index versus time for three cascades
in an alkali glass. Solid curve: initial damage zone; dotted curve: FIG. 14. Number of displaced oxygen and sodium atoms and
second damage zongefer to text for explanation Curves are  total number of atom displacements versus timeaf8 keV cascade
shifted (offset indicated in parentheges in an alkali glasginset: enlargement of 0—0.5 ps region

plotted in Fig. 12. The initial depolymerization peak is Other species. This phenomenon is discussed below, in con-
clearly correlated with the creation of nonbridging oxygeniunction with the peripheral location of the sodium atoms in
atoms. A progressive relaxation then occurs, characterizef€ displacement cascade morphology. o
by the restoration of some bridging oxygen atoms; at the The presence or absence of alkali metals had no signifi-
same time, a number of nonbridging oxygen atoms disapcant_eff_ect on_the_d|str|_but|on of the displacement lengths
pear. The end result is to restore the balance between brid§20t indicated in this article _
ing and nonbridging oxygen atoms to its precascade state. Comparing the curves plotting the number of displace-
The characteristic time required to restore this balance delents versus time with the depolymerization curves shows
pends on the cascade energy: thg &nd O, curves join that the vast major_|t3(ab0ut 90% pf the dlsplace_ments oc-
increasingly early as the energy rises from 4 to 6 to 7 ke curred during the first depolymerization peak—i.e., between
The relaxation time for the 3 keV cascade, on the other hancp, and 0.5 ps. This observathn implies that the reconstruction
was comparable to that of the 7 keV cascade. The damad¥ the glass.structure occurring after 0.5 ps represented only
zone morphology may account for this effect: the subdi-@ Small portion of the atom displacements.
vided morphology created by the 7 keV cascade could im- We analyzed the displacement modes of the oxygen at-
pede the structural restoration compared with the homoge2M$ With respect to their local environments during the cas-
neous morphology of the 3 keV cascade. cade. Almost aII_oxygen displacements can be c0n_5|ders_3d in
For the 4, 6, and 7 keV cascades, we roughly delimited®® of thelfollowmg four mu_tually e_xcluswe categories:  in-
the two largest disturbed regions and calculated the polymegividual displacements during which all the oxygen neigh-
ization changes over time in each of théfig. 13. For all ~ bors are changed; displacements related to a change in the
three cascades, the highest depolymerization peak was goordination numbefconversion from bridging to nonbridg-
ways observed in the zone disturbed initially. The second"d OXygen or vice versa, or from 3-coordinate to
zone showed virtually no depolymerization during the 4 kev2-coordinate oxygen and vice veyseith conservation of the
cascade, while for the 6 and 7 keV events the second regioRighbor atoms of the lowest coordination state; collective
affected by the initial projectile showed the initial stages ofdisplacements during which the identities of the neighboring
depolymerization. In all three cases, the maximum depoly&toms are unaffected; intermediate events in which part of
merization peak in the initial zone reached a similar height—he neighboring atoms are modified without any change in

about 400—and the differences in the disturbed regions aghe 0xygen coordination numbéthis type of displacement
peared only thereafter. involves breaking a bond and “rebranching” to another net-

work formey.

The percentages of each displacement type evolve over
time according to a consistent pattern. A typical 3 keV cas-

We examined the total number of displacements overade is shown in Fig. 15. Only the,Qtransitions(the ma-
time, and the displacements for each species. A typical eXority) are shown for the second displacement category. Each
ample ¢ a 3 keV cascade in a 5-oxide glass is shown in Fig.point includes all the intervening displacements since the
14. In percentage terms relative to the atomic compositionheginning of the cascade. Two distinct regimes can be ob-
the alkali metals clearly account for the largest number okerved. First, individual and coordination-change displace-
displacements; among the network formers, boron is disments rise to a maximum, after which collective displace-
placed more than silicon. In percentage terms relative to thenents and local “break & branch” processes predominate.
total number of displacements, sodium and oxygen accourfit the end of the cascade, the latter account for a large ma-
for about 75% of the displacements, with significant differ-jority of the total displacements.
ence from one cascade to another. Sodium atoms accounted High-energy collisions occur during the initial instants of
for between 25% and 50% of the total displacements. Thesthe cascade, causing some atoms to be removed from their
results are observed whatever the nature of the projectile. equilibrium sites. Although no major displacements occur

The enlarged inset in Fig. 14 covering the 0—0.5 ps timeafter 0.5 ps, Fig. 11 and Fig. 12 describe the trend of changes
range reveals a slight deldgstimated at about 168®s) in  in the coordination numbers around network formers and
the displacement of the sodium atoms compared with th@xygen atoms, showing that the activity continues after the

Types of atom displacement
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70 - TABLE VI. Volume variations in glasses with and without al-
60 | 3keV kali metals. The projectile is an O atom in each case.

50 - .

0 | Collective motion W/o alkali 500 eV 600 eV 800 eV 400 eV

AVIV (%) 0.14 0.30 0.0 0.12
B&B

with alkali 600 eV 700 eV 600 eV 400eV 300eV 700 eV

Displacement types (%)

10 - Individual jump_
o Il T T T A AVIV (%) 004 002 012 018 0.05 —0.03
0 05 1 15 2
Time (ps)

Voronoivolumes of various atomic species and the evolution
FIG. 15. Percentage distribution of displacements by tyefer  of the ring size distribution. The percentage variations of the
to text for definition for a 3 keV cascade in an alkali glass \/oronoi volumes for the cascades resulting in the greatest
(“B&B": break-and-branch processgs expansion are indicated in Table Milkali-free glassand
o . o Table VIII (alkali glas$. Expansion in the alkali-free glass
depolymerization peak. The creation of nonbridging oxygenyas |ocalized in the immediate environment of the boron
atoms, followed by the reversion to the initial bridging and atoms, mainly due to a coordination effect: the Voronol
nonbridging oxygen densities, are by definition related to th§,q|ymes of 3-coordinate boron atoms are larger than those of
presence of alkali metals. The mixture of 1-, 2-, andy_coordinate boron, and the volume increase was due to an
3-coordinate oxygens in alkali glasses results in a higher pefycrease in the relative number of 3-coordinate boron atoms.
centage of oxygen affected by a change in coordination thag, ihe glkali glass, expansion occurred around boron atoms
in alkali-free glasses containing no single-coordinate oxygen.s well as around sodium atoms, but with fluctuations—
These figures reflect the higher Iopal reorganization potenti%otab|y around aluminum atoms—that will require confirma-
around oxygen atoms when alkali metals are present. tion by more extensive simulations. The local environments
of the silicon atoms remained highly stable in the alkali glass
Expansion measurements medium and slightly less so without alkali metals, confirm-

Two techniques were used to measure the change in tHB9 the previously noted stability of the Sj@etrahedron.
simulation cell volume after the cascade, as described above 't IS interesting to observe the dynamic evolution of the
under “Method.” The pressure variations sustained by the/ing distributions, and the changes that occur between the
large glass samples during 3, 4, 6, and 7 keV casoddgsle initial and final states. For each oxygen atom, we identified
V) reveal a systematic pressure rise after the passage of tHa smallest ring(if any) in which it was contained. The
projectile, indicating a tendency to swell. Given the bulk Statistics were compiled from the set of all these rings, pro-
modulus(bulk moduli of 117 GPa and 113 GPa were mea-Viding an indication of the fineness of the network mesh.
sured in the two 82944-atom glasséise difference can be Figure 16 shows the evolution of the number of rings during
converted into an estimated expansion factor; the estimatefik€V and 7 keV cascades; large ringsbitrarily defined as
volume change is also indicated in Table V. The pressur&Nds containing more than 6 oxygen atoms, and accounting
rise diminished as the projectile energy increased, providiné"r about 10% of the total numbeare indicated separately
further evidence of improved structural restoration at highef© Provide a schematic representation of the evolution of the
energies. We may expect a maximum of the pressure rise f@olymerized network during the cascades. The “large rings
an energy comprised between 0 and 3 keV because obvfAtegory exhibited different behavior from that of the small
ously for a zero energy cascade, no pressure rise will occufings- The number of large rings increased following the de-

A direct calculation(with Andersen’s algorithmof the polymerization peak, then diminished to its initial value; the

volume change after the 3 keV cascade confirmed the voléversion to the initial state was more complete at higher
ume change of 0.26%. energies, while the number of large rings clearly increased

The equilibrium volumes before and after low-energyafter the 3 keMnot shown and 4 keV cascades. The remain-
(<1 keV) cascades were directly compared to obtain the exing 90% of “small” rings exhibited the opposite behavior:
pansion values in Table VI. Here again, the volume changd€ir number diminished with the depolymerization, then
(if any) was limited and systematically positive. Expansion'0S€ again to the initial value; incomplete structural relax-
was greater in the SigB,0; glass, with one strange case in ation resulted in a deficit in the final number of small rings.
which an 800 eV cascade resulted in appreciable depolymer- 1he angular distributiongnot shown hergwere unaf-
ization, but no volume change. fected in any of the compositions studied. Similarly, the

The origin of the expansion was analyzed for low-energy
cascade$<1 keV) and the 3 keV cascade by measuring the TABLE VII. Voronoi volume variationg%) for simulated cas-

cades in a Sip+B,0; glass.

TABLE V. Pressure variations after 3, 4, 6, and 7 keV cascades:

Energy(eV) AVIV (%) Si (@] B
3 keV 4 keV 6 keV 7 keV
500 eV 0.14 0.1672 0.1006 0.3655
AP (GPa 0.305 0.157 0.123 0.129 600 eV 0.30 0.1987 0.2770 0.6158

AVIV (%) 0.261 0.139 0.109 0.114 400 eV 0.12 0.0274 —0.0946 0.5519




14 490 J.-M. DELAYE AND D. GHALEB PRB 61

TABLE VIII. Voronoi volume variationg%) for simulated cascades in a five-component glass.

Energy(eV) AVIV (%) Si (0] B Na Zr Al
600 eV 0.12 —0.0056 0.0916 0.6780 0.1821 0.0317 -0.8741
400 eV 0.18 —0.0631 0.1531 0.7509 0.1972 -0.0526 0.0066
3 keV 0.26 0.056 0.272 0.452 0.31 —-0.01 0.52

number of B-O-B triplets remained globally constant, dem-tend to remain farther from the temperature-controlled zones,
onstrating that no detectable segregation of boron atoms otience a potentially greater number of displacements.

curred in the silicate network. In the large-scale cascades, the cooling wave begins to
affect the overall temperature only after 1 to 2 ps, and the

DISCUSSION cell reaches room temperature after a considerably longer

i time. Since the vast majority of atom displacements occur

Size effects before the first picosecond, it is reasonable to assume that the

The results presented above must be situated within thelope of the displacement versus energy curve in large simu-
context of the method used, with due allowance for possibldation cells is not modified by this effect of controlling the
artifacts. In particular, the change in slope observed in th@uter layer.
total number of displacement&ig. 4 when the size of the From this perspective, a linear increase in the number of

simulation cell was increased warrants a more detailed analyisplacements with the energy appears to be the rule for cas-
sis. cades in the 1-7 keV energy range in systems with more

Figure 17 shows the temperature evolution during casthan 40 000 atoms, and the slope is not disturbed by the outer
cades in the 5184-atom and 82944-atom cells. The tempergyer temperature control. The atom displacement density
ture corresponds to an instantaneous kinetic energy measufestween 3 and 7 keV increases continuously with the number
ment; the term “temperature” is somewhat abusive, as thedf displacements. Together, these two phenomena suggest
system is shifted away from equilibrium when the projectilethat the displacement cascade volume is not a linear function
is initially accelerated, but this parameter does constitute &f the energy, but tends to increase at a lower rate at higher
satisfactory indicator of the prevailing agitation inside theenergies.
simulation cell. Two temperature regimes can be distin-
guished. The relatively brief first step—a few tenths of a Restoration of the glassy network
picosecond during which the temperature reaches a plateau )
situated at about half the initial increase—corresponds to the Al the cascades progress according to the same pattern.
distribution of the initial kinetic moment of the projectile The glass structure is first characterized by an intermediate

between excess potential energy and excess kinetic energy.

The second step corresponds to a slower drop to room tem- 4 4 g '\umberofrings T 3160
perature; it is related to the thermal conductivity of the glass 44200 -
medium, and to the system cooling method adopted through ! e mmemessmmmmmmmns + 3110
control of the outer layer. 2400 .- Small ring g
The nonlinearity revealed by the atom displacements- = Vo 4koV 1 3080 @
. ; . ® 44000 -, o
versus-energy curve is attributable to the different tempera- g g L]
ture levels. Room-temperature control of the outer layer of @ 43900 | . 13010
the simulation cell provides for dissipation of the thermal Large ring
wave when it reaches the cell boundaries, but also results in 43800 * =0 : , , 2060
the penetration of a “cooling wave” into the simulation cell. 0 2 4 6 8
The smaller the cell volume, the sooner the “cooling wave” Time (ps)
reaches the center of the irradiated zone. The small 5184-
atom cells with external room temperature control were thus Number of rings — 3700
cooled more quickly than the larger cells, hence the limited 44200—‘ w0
number of atom displacements. Although the control is e Smallring | 4000
physical in naturdthe cells are considered as if they were in  _ 44000 4, L.t ’ >
direct contact with a room-temperature bathintroduces a £ L TkeV | 3300 €
. . = 43800 - @
size-related effect to which actual glass wasteforms are notg . o
subjected. This effect is not apparent during the initial in- & | 3400 3
stants of the cascade, as the depolymerization peak evolve: 43690 =0 Large ring
Imear!y with the energy regardless of the simulation cell di- 43400 L‘— . . | 2000
mensions. 0 5 10 15

In small cells, the larger number of displacements ob-
tained in cascades initiated by uranium atoms than in cas-
cades initiated by oxygen atoms is probably only an artifact, FIG. 16. Number of small ringgcontaining fewer than five
since no comparable difference is observed in larger simulaexygen atomgsand large ringgcontaining more than six oxygen
tion cells. The denser cascades created by the uranium atoratoms versus time for 4 keV and 7 keV cascades in an alkali glass.

Time (ps)
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1600 T 700 few additional displacements, occurs through a series of lo-
1400 + 600 cal reorganizationswith no further individual moves The
1200 1 500 presence of alkali metals appears to have a major effect in

T(K)

1000 L’_‘\;’—__‘_’_l_ 1 400 facilitating these reorganizations, as shown by the evolution
800 - Largocell | 300 of the bridging and nonbridging oxygen concentrati¢ihe

600 notion of transition between the bridging and nonbridging
400 - - Small cell T 200 states is associated by definition with the presence of alkali

200 - T 100 metal atomy during the restoratior(Fig. 12. The alkali-
0 . ; , . 0 enriched zones scattered throughout the glass structure, and
0 2 4 6 8 10 the ease with which alkali atoms move and change coordi-
Time (ps) nation numbers, provides the glass with a significant degree

) ) ) of freedom that allows each former in the network to find the
FIG. 17. Temperature versus time during a cascade in 518404 nymber of oxygen atoms for its local environment.
atom and 82944-atom cells. In the absence of alkali metals, the borosilicate network
o . . L __remains depolymerized, as the migration of oxygen atoms far
depolymerization state, the intensity of which increases linfom their initial sites cannot be facilitated by alkali species

early with the projectile energy, followed by repolymeriza- it release or accept an oxygen neighbor as necessary in the
tion with a longer chara_cterlstlc time. The pol_ymerlzatl(_)n O_flocal chemistry. The only remaining degree of freedom in
the final structure obtained at the end of this relaxation igpe glass is the possible double coordination of boron
never(much) greater than at the outset. _ _atoms—and indeed, the depolymerization of Si®,0;

As we said above, the cascade volume increases With §rciyres results in a lower mean coordination number for
negative curvature versus the energy, it means that the efse poron atoms. Depolymerization in this case does not re-
ergy density deposited in the core of the cascade increaseg; from the reconstruction of a more stable structure, since
with the cascade energy. Figure 10 suggests that the fingle energy of the structure increases after irradiation: it is
depolymerization versus the cascade energy passes throughlgeed poorly restored structural damage due to the limited

maximum for a given simulation cell size and then decreaseg,|axapility of alkali-free glass. These are qualitative obser-
to zero. If the energy density deposited in the core of th§ aigns; that can be decorrelated of the precision with which
cascade is sufficiently hl_gh, all the atomic motions necessany,q potentials are able to reproduce the different chemical
to the structure restoration are thermally activated. This aciteractions. The differences noted in the Introduction be-
tivation energy is clearly lower for alkali glass than for yyeen network formers, intermediates and modifiers are re-
alkali-free glass. When an U atom is accelerated rather thaflcteq in the behavior of the composition during a displace-
an O atom, the energy density deposited is lar@8g. 1 ont cascade. A hierarchy appears among the species, with
shows that the cascades are more demsel the structure  popayior related to the extent of their possible local configu-
restoration is bettefFig. 10 shows a lower final depolymer- rations.

ization) in agreement with this scheme. The key to glass irradiation resistance thus appears to lie

Restoration of the initial structure concerns not only thej, the degree of freedom for relaxation arising from the pres-
overall polymerization, but also the concentrations of localance of alkali metals and of multicoordinate elements. A

groups. The i_nitial structure is reestablishe_zd _in de_:tail, prOVid'systematic investigation of a variety of glass compositions
ing further evidence of the degree of equilibrium in the struc-

; k “~"covering a wide transition temperature ran@nsidered
tures produced by quenching and relaxation as describéghre a5 indicative of the glass relaxabilignd irradiated
above under “Methodology.” This is an important point ,yer 5 significantly broad energy range would be a major
with regard to nuclear waste containment, confirming the nqertaking, but would allow more definite conclusions to be
ease with which the glass withstands atom displacemenig qn concerning this point.
induced by recoil nuclei, at least at energies up to about 7 11 presence of 3-coordinate aluminum is a methodologi-
keV. The glass structure restoration considered here is aky| artifact: the Al-O potentials used were too low to en-
overall restoration of the degree of polymerization, the ringg e tetracoordination of all the aluminum atoms. The simul-
distribution and the mean coordination numbers. During thqaneous presence of AlCand AlO, groups increases the
cascade, however, many atoms did indeed change their edyjggree of freedom of relaxation, and should logically be ex-
librium sites or their local coordination number. pected to accelerate the initial structure restoration.
No conclusion can be drawn from the presence of zirco-
Important features about restoration of the glassy network nium oxide because of its low concentration, but the same

The types of oxygen displacemertise most numerous in reasoning as above suggests that increasing the percentage of

absolute terms, along with sodium displacemeatgnge as intermediate_ species over the network formers would facili-
the cascade progresses. The phenomena observed during [l restoration of the glass structure.

initial instants are mainly individual oxygen atom displace-
ments and transitions between the bridging and nonbridging
states. As the overall energy diminishes, however, collective The curves describing the evolution of the different types
displacements and “break-and-branch” events become presf displacements and transitions during the 3 keV cascade
dominant. About 90% of the atom displacements are initiatedFigs. 11, 12 and J4suggests coupling of the displacements.
during the first picosecond, before the glass structure rest@ver the time interval between 1 and 8 ps, following the
ration phase. The gradual repolymerization, which requireslepolymerization peak, the shape of the curve is the same for

Displacement types



14 492 J.-M. DELAYE AND D. GHALEB PRB 61

Na and O displacements, for the number of,@nd B,, depending on the initial projectile direction and on the in-
transitions, and for percentage of “break and branch” dis-Stantaneous atom positions; only statistical laws determined
placements(Fig. 15. Coupling of these processes seemsfrom a larger number of examples can be considered reliable.
logical, inasmuch as the formation of a B@roup requires a Nevertheless, increasing the projectile energy not only in-
nearby alkali metal atom to ensure local electrical neutralitycreases the length of the path and should thus favor fraction-
and the presence of an oxygen atom liable to form an addiation, but also increases the volume of the individual damage
tional chemical bond. The coupling between atom displacezones, which eventually overlap and tend toward greater
ments of different species was already revealed during aforphological homogeneity. These two concurrent mecha-
investigation of the effect of a Coulomb field on the glasshisms make it difficult to extrapolate the cascade morphol-
structure, and notably the greater mobility of oxygen atom®9y to higher energies. However, the example of ordered
and network formers made possible by the presence of alkafiystems shows the existence of a threshold above which the
metal atom&3 probability of generating subcascades approaches 1, ensuring
The observed delay in the displacement of alkali metaR fractionated defect distribution; it would be surprising if a
atoms was the subject of an earlier sttidyp which several ~fractionation threshold could not be defined for even com-
examples were discussed of the lower probability for alkaliplex glasses.
atoms to be involved in a violent collision because of their In order to address the issues of complete nuclear glasses
location in regions of lower atom density. Their peripheralsubjected toa-decay recoil nuclei, the currently available
position around the disturbed regions could be an energyesults must be extrapolated to higher energies and to more
related phenomenon. Collective movements and break-angomplex compositions. An important aspect highlighted in
branch phenomena are the least costly displacements in efftis article concerns the distribution of depolymerization
ergy terms, and become increasingly numerous as the systedpgaks in the damage zones. The first zones affected are sub-
energy diminishes—i.e., as the collision progresses towart€cted to a depolymerization peak that tends to saturate when
the periphery of the damage zones. These displacemeHie projectile energy increases, while in the more remote
modes are coupled with those of the alkali mefdl§o-  zones the depolymerization peaks continue to rise. These ob-
gether, the collective displacements around the periphery arfgrvations could provide guidelines for developing a more
the facilitation by the alkali metals account for the ring of global model in which displacement cascade morphologies

displaced alkali atoms around the edges of the damag@re described as a group of individual zones, each subjected
zones. to a depolymerization peak that cannot exceed a volume-

dependent saturation level, and sustaining thermal annealing
that could be described by the projectile path and the thermal

_ ) ] ~_conductivity of the material.
Glass restoration without long-range displacements limits

the risk of segregation in the structure, particularly since the  pjscussion related torriv calculations and displacement
high-energy phase responsible for atom displacements fur- energies
ther limits segregation phenomena by virtue of the random
displacement directions.

Interaction potentials based on formal ion charges cann

Anticipation about segregation and point defects annealing

The TRIM or MARLOWE code$*?°could be used to extend

dhe computer-dependent energy limit by approximating the
represent possible point defe¢teroxy radicalsE’ centers cascade morphology at actual energies, particularly since the

for instability reasons. In semiconductors and pure metals, QUmPer of displacements calculated by tiwem code is con-
displacement cascade results in a distributiorinterstitial sistent with the number of individual displacements obtained

and vacancy point defects for which recombination is in molecular dynamicd The TRIM code was used to simulate

closely related to the medium range atom mobility, which in4 MV oxygen atoms irradiating a glass with the same com-

turn is correlated with the ratio between the local temperapOSition as the alkali-borosilicate glass studied here, yielding

ture induced by the projectile and the material melting tem-2 total of about 750 atom displaceme(defined as the num-

perature. In complex oxide glasses, the topologies of poianer of atoms receiving an energy exceeding the displacement

defectswhose absence is obviously detrimental to the physiEN€rgy- The energy4 MeV) lost by the oxygen atoms cor-

cal realism of the simulationsre such that long-range atom '€SPONds to 45 keV lost during atomic collisions. The mul-
displacements are unnecessary to eliminate them, given tHii!e displacement modes cannot be reproduced by a binary

possibilities for local rearrangements. Here again, it can bgollision model; a molecular dynamics simulation by ex-
expected that the many local configurations in a Comme)grapolatlng the number-of-displacements-versus-energy line

glass will tend to enhance its resistance to the accumulatiofft€refore results in about 30 000 displacements. However, if

of point defects.

it is assumed that 5% on average of these displacements
correspond to individual movéas taken into account by the
TRIM code, the result is on the same order of magnitude as
the number obtained from a binary collision approach.

The fractionation of the damage zones by the initial pro- Applying the Kinchin-Pease model directly based on the
jectile seems to be a common but nonsystematic characterittal number of displacements yields low displacement en-
tic, with no clear relation to the energy involved. At constantergy values; this, however, merely highlights the fact that the
energy, the damage zones may be fractionated or homogeiodel is inapplicable to complex vitreous structures. We
neous; the energy and localization of the few violent colli-checked that the individual displacement energies obtained
sions during the high-energy phase determine the final peby displacing one atom from its equilibrium site are on the
turbation morphology. This is a highly chaotic processorder of 40 eV on average in agreement with conventional

What a phenomenological model could be
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values. This is an important point in that it shows that thebe confirmed by the latest calculations; the first observations
potential model used realistically represents atom displacanay have been due to incomplete relaxation of the initial
ments. During a cascade, however, the actual displacemestructure.

distance distribution varies continuously from O to the maxi- The experimental findings also indicate systematic swell-
mum distance, so that defining a “displacement” is not aing of alkali-borosilicate glasses underirradiation in pro-
simple problem. We opted for an empirical definition ca-portions close to those observed here, although the mecha-
pable of visualizing the positions of the atoms displaced ovenism remains to be identifiedswelling of alkali-rich

the greatest distances, and thus of visualizing the zones oégions? modification of the polymerized network? creation
greatest disturbance. This definition includes not only dis-of bubbles or point defectg?The present simulations merely
placements due to ballistic collisions, but also collectivesuggest that the swelling may be due exclusively to modifi-
movements accompanying ballistic collisions and diffusivecation of the glass network, without necessarily giving rise to
movements in the local liquid region that forms temporarilynew entities.

in the midst of the cascade. The very nature of the vitreous

network itself, comprising a polymerized network mixed CONCLUSIONS

with highly mobile regions, implies that collective displace- . .

ments tend to predominate. The Kinchin-Pease model, which A molecular dynamics study of displacement cascades at

takes only ballistic collisions into account, is not applicable€nergies ranging from 300 eV to 7 keV in glass compositions
in this framework. with and without alkali metals revealed the influence of the

latter on the thoroughness of structural restoration. More
generally, following a depolymerization peak, the glass
structure is reconstructed by local readjustments, facilitated
Another systematically observed feature concerns volumgy the presence of alkali metal atoms. If the cascade energy
or pressure changes in the cells after a cascade: the cell vk syfficiently high, the initial structure is completely re-
ume was always either unchanged or increased; no signifstored. This means that despite the many atom displacements
cant contraction was ever observed. Considering the resu|§§~|d local coordination Changesy the degree of p0|ymeriza-
presented in this paper, it is difficult to propose a singletion, the mean coordination numbers and the ring distribu-
explanation for this expansion, although a number of signifitions are conserved. About 90% of the atom displacements
cant coincidences may be noted. In glasses without alkatyccur during the first instants of the cascade, during the ther-
metals, expansion was always associated with transitions bgnal peak; displacements during the initial structure restora-
tween BQ and larger BQ groups with the exception of a tjon phase account for only a small fraction of the total.
single case in which extensive depolymerization occurred Several types of disp|acements were identified, ranging
without expansion. An increase in the number offrom jumps by individual atoms to collective displacements
3-coordinate boron atoms is thus not systematically coupledf an atom and its neighbors. Individual displacements and
W|th Ce” expansion. The two CascadeS that produced th@bridging'ononbridgingtransmons were the most numerous dur-
greatest swelllling in the alkali glasses resulted in an increasiﬁg the first instants of the cascade, but were quickly super-
in the Voronoivolumes around boron and alkali metal at- seded by collective disp]acements and local break-and-
oms. The phenomenon may be attributed to swelling ofepranch processes.
alkali-rich regions or to swelling due to poorer overall recon-  The structure volume was observed to remain stable or
struction of BQ groups(whose local neutrality requires the increase after irradiation, but never to diminish. Coincidental
presence of an alkaliat the end of the cascade. The latter evidence was noted between the coordination numbers, the
explanation accounts for the simultaneous variations in thﬁng size distributions, the Voronaolumes and the cell ex-
boron and alkali environments. pansion, but no single comprehensive explanation is forth-
Finally, in cascades with energies above 3 keV, the highegoming.
number of large rings is clearly correlated with the magni-  Finally, we observe that nuclear glasses easily accommo-
tude of the expansion, although this correlation is not obvigate displacements cascades, and this is an important result

ous in the case of lower energy cascades in the 5184-atofR regard of the long term storage of the oxide matrices.
systems. The increase is due to rapid annealing after the

thermal peak, which “_free.zes”_ th_e local structural chan.ges. ACKNOWLEDGMENTS
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